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Tomato bushy stunt virus (TBSV) is a small isometric virus that contains a single-stranded RNA genome with five major genes.
In this study, we have analyzed the importance of an additional small sixth open reading frame (ORF) of 207 nucleotides,
designated pX, which resides at the 3* end of the genome. Bioassays showed that deletions or additions of nucleotides at the
5* end of the pX gene that were designed to disrupt the ORF, or site-specific inactivation of its start codon, all gave rise to TBSV
mutants which were unable to accumulate to detectable levels in cucumber or Nicotiana benthamiana protoplasts. Although
these results suggested a role for the putative pX protein, introduction of a premature stop codon in the pX gene had no strong
negative effect. However, a comparable mutation that affected the same nucleotides without changing the predicted amino acid
sequence greatly reduced RNA accumulation. Therefore, we hypothesize that cis-acting RNA sequences within the pX gene,
rather than the predicted protein influence genome accumulation. The requirement of the cis-acting pX ORF sequences appears
to be host-dependent because comparisons revealed that subtle pX gene mutations that prohibited accumulation of TBSV RNA
in cucumber or N. benthamiana, failed to interfere substantially with replication in Chenopodium quinoa protoplasts or plants.
Irrespective of the host, the cis-acting pX gene sequences were dispensable on replicase-deficient RNAs that require helper
TBSV for replication in trans. In addition, the pX gene was not essential for in vitro translation of replicase proteins from genomic
RNA. These results suggest that neither translation nor polymerase activity of the replicase proteins require pX gene sequences.
However, it is possible that very early in the replication cycle of genomic RNA in vivo, the pX gene cis-acting element is essential
for some other unidentified function which involves interaction with one or more host components whose composition varies
slightly between different plants. q 1997 Academic Press
INTRODUCTION downstream of the nested p22 and p19 genes (Fig. 1). The
length of this ORF varies between tombusviruses, but the
Tomato bushy stunt virus (TBSV), the type member of the pX gene of TBSV can potentially encode a protein of 8 kDa
tombusvirus genus in the Tombusviridae (Russo et al., 1994), (Boyko and Karasev, 1992). Despite the conserved location
is a small isometric plant virus that encapsidates a ca. 4800 of a pX ORF at the 3* end of the genomes of different tom-
nucleotide (nt) positive sense single-stranded RNA (Hearne busviruses, analyses of the predicted amino acid sequence
et al., 1990) that contains five major genes (Fig. 1). In addition fail to reveal any obvious features that suggest a conserved
to forming the template for replication, the genome functions function for the putative protein. A subgenomic RNA for the
as the mRNA for translation of two 5* proximal genes that pX gene has not been clearly identified for TBSV, but the
encode a 33-kDa protein (p33) and a read-through product context of sequences upstream of the pX gene resembles
of 92 kDa (p92), both of which are required for replication that of regions upstream of transcriptional start sites for the
(Scholthof et al., 1995b). The coat protein gene (p41), located other two subgenomic RNAs (Boyko and Karasev, 1992). In
downstream of p92, and two small 3* nested genes (p19/ addition, preliminary results obtained with cucumber necro-
p22) that function in virus movement, are dispensable for sis (tombus-) virus (CNV) suggest that a subgenomic RNA
replication (Scholthof et al., 1995b). Recent investigations of for the pX gene may be produced (Riviere et al., 1993). To
TBSV defective interfering RNAs (DIs), identified at least determine the significance of the pX gene in the life-cycle of
three cis-acting RNA sequences that are required for repli- TBSV, we conducted genetic analyses designed to separate
cation (Chang et al., 1995). Each terminus of the viral RNA trans-acting versus cis-acting effects. Because TBSV has an
contains one cis-acting element, whereas a third element unusually broad experimental host range, we also tested the
resides within the p92 gene. requirement for the pX gene in different hosts.
All sequenced tombusviruses contain a small open read-
ing frame (ORF), designated the pX gene, which is located MATERIALS AND METHODS
Protocols
Standard molecular biology protocols were carried out1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (409) 845-6483. E-mail: herscho@acs.tamu.edu. as described by Sambrook et al. (1989), or as recom-
560042-6822/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID VY 8754 / 6a48$$$161 09-18-97 14:37:35 vira AP: VY
57TBSV pX
mended by the suppliers of reagents. In a previous report step recreated an NheI site which was used in combina-
tion with Klenow treatment and self-ligation to remove(Scholthof et al., 1993b) we described RNA analysis, hy-
bridization protocols, and bioassays with plants and cu- the NheI to BssHII fragment spanning the 3* end of p92,
and most of the coat protein gene (Fig. 4), to producecumber protoplasts. Protoplast isolations from Cheno-
podium quinoa were less routine and subject to varia- pHS49 (Scholthof et al., 1993a). Plasmid pHS50 was ob-
tained upon digestion of pHS49 with Sal I followed by ations in yield and quality of protoplasts. However,
acceptable results were obtained with C. quinoa proto- Klenow reaction which introduced four nucleotides.
Generation of plasmid pTA was described previouslyplasts isolated from the first two to six true leaves of
shaded greenhouse-grown plants. Those leaves were (Scholthof et al., 1995a), and plasmid pTB was obtained
by cleavage of pTBSV-100 with NotI (nt 2724) and Sal Ieither rubbed with Celite-mix on the lower surface
(Scholthof et al., 1993b) or dissected in small strips. The (nt 4500) followed by treatment with Klenow and ligation.
Plasmid pHS10 was generated by digestion of pTBSV-cell-wall degrading enzyme-mix (Scholthof et al., 1993b)
was usually replaced with a fresh aliquot after 0.5–2 hr 100 with Sal I followed by the addition of four nucleotides
through a Klenow treatment, which created a new PvuIincubations of the treated leaves or strips, at 307. Diges-
tion reactions were performed under mild agitation at site. To obtain pHS103, a progenitor plasmid was first
generated by performing site-directed oligonucleotide307 for ca. 8 hr or overnight. Further treatments of C.
quinoa protoplasts and transfections were performed as mutagenesis on single-stranded pHS49 with an oligonu-
cleotide that introduced two C’s (Fig. 1A), which abol-for cucumber protoplasts (Scholthof et al., 1993b).
DNA templates used for in vitro transcription were pre- ished the start codon for the pX gene and introduced a
BamHI site. This plasmid, pHS95, was treated with EcoRIpared by digestion of CsCl-purified DNA with SmaI, and
routine transcription reactions (Promega, Madison, WI) (nt 4034) and SphI (3* end), and the released fragment
was used to replace the equivalent fragment of pHS10-13were performed in 25- to 50-ml reactions. A cap was
added to in vitro transcripts by priming transcription reac- (an independent isolate identical to pHS10) to generate
pHS103.tions for 20 min in the presence of 1 mM diguanosine
triphosphate cap-analog (Pharmacia Biotech. Inc., Pisca- The mutations of plasmids pHS122 and pHS123 were
obtained via PCR-mediated mutagenesis. In this proce-taway, NJ), 0.025 mM GTP, and 0.5 mM ATP, CTP, and
UTP. Following this capping reaction, GTP was added to dure, 5* oligonucleotides were used that overlapped the
Sal I site and contained site-specific mutations (Fig. 1A)a final concentration of 0.5 mM, and the transcription
reaction was allowed to continue for 1–2 hr. to introduce either a TGA (pHS122), for translational ter-
mination, or an arginine codon AGA (pHS123), to replaceIn vitro-generated transcripts were translated in the
presence of [35S]methionine using reaction conditions as the arginine codon CGC in wild-type TBSV (Fig. 1A). PCR
reactions were performed with Taq1 polymerase, usingdescribed by the supplier (Promega Corp., Madison, WI)
by translating 0.1–0.2 mg of RNA in 20- to 25-ml transla- pHS49 (Fig. 4) as a template and a 3* oligonucleotide
that spanned the SmaI and SphI sites at the 3* terminustion mixes. Subsequently, 10 ml of the translation cocktail
was mixed with 10 ml of 51 sample buffer (Scholthof et of the viral insert. The PCR products were cloned into
the SmaI site of pKAN2 (Scholthof et al., 1995b) and sub-al., 1994), boiled, and electrophoresed through a 12.5%
SDS-PAG. The size markers consisted of 0.02 mCi Rain- sequently were used to replace the Sal I to SphI segment
of pHS124. The latter plasmid is derived from pTBSV-bow [14C]-methylated protein molecular weight markers
(Amersham, Arlington Heights, IL) that were denatured 100, but it contains the CAT gene cloned at the 3* SmaI
site; this allowed size screening of newly generated pXby boiling in 51 sample buffer. Prior to autoradiography
the gels were fixed as described by Zhou et al. (1996). gene mutant inserts that replaced the viral segment con-
taining the CAT gene. Sequence analyses confirmed that
the changes were introduced as predicted, but for un-Recombinant plasmids
known reasons pHS122 also had a conversion of a G to
a T at position 4691, which changed the third to lastThe CAT gene was cloned as a Sal I fragment (Scholt-
hof et al., 1992) into pGEM-4Z (Promega Corp., Madison, codon of the pX ORF from an arginine to an isoleucine
codon.WI) to yield pG4CAT. To generate pHS40, pHS49, and
pHS50, some intermediate cloning steps were followed.
First, the BstBI site at the 3* end of conserved region II RESULTS AND DISCUSSION
in the DI clone B-10 (Knorr et al., 1991) was treated with
Mutations in the pX ORF influence accumulation of
DNA polymerase I large fragment (Klenow) to fill-in the
genomic RNA
recessed 3* ends, which created a unique NruI site. The
NruI and SmaI sites of this intermediate were used to To determine whether the pX gene contributes to TBSV
replication, we compared the replication of pTA (Fig. 1A),insert a TBSV fragment spanning the NheI site (Klenow
treated) at the 3* end of p92 (Fig. 4) and the SmaI site which has a deletion encompassing most of the coat
protein gene and the 5* end of p19/p22, with that of pTB,at the 3* end of the cDNA, to give pHS40. This cloning
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FIG. 1. Effects of pX gene mutations on viral RNA accumulation in protoplasts. (A) The diagram illustrates the genomic organization of the ca.
4800 nt single-stranded plus sense genomic RNA (gRNA) of TBSV. Open rectangles denote genes that encode proteins whose sizes are given in
kDa, and associated functions are shown on top of the rectangles; MP, movement proteins. The location of the 207 nt pX gene from positions 4493
to 4700 is indicated. The transcriptional start sites of the two subgenomic RNAs (sgRNA1 and sgRNA2) are indicated by arrows on top of the
diagram. Solid lines connecting rectangles represent presumed untranslated sequences, and dashed lines delineated by arrows indicate regions
that have been deleted in pTA and pTB, respectively. The lower panel shows the 5* end of the pX gene where specific mutations were introduced,
and the position of the Sal I site is indicated. The predicted amino acid sequences are provided on the top line for pTBSV-100 and pTA. The open
space in the pTB sequence denotes the deleted portion of the pX gene. Underlined bases represent new or altered sequences and nucleotides
printed in bold form start codons or stop codons. Note that the third to last codon of TBSV, CGC, as well as the AGA codon at the identical position
in pHS123 both encode arginine (R). (B) Effect of pX gene nucleotide deletions or additions, and (C) Start codon inactivation, on RNA accumulation
in cucumber protoplasts. Protoplasts were either mock transfected with inoculum devoid of RNA (M), or with RNA from pTBSV-100 (T), pTA (TA),
pTB (TB), pHS10 (10), pTA plus pHS10 (TA / 10), or pHS103 (103). The deletion in pTA resulted in a smaller gRNA and sgRNA1 (DgRNA and
DsgRNA1, respectively), while sgRNA2 was not produced because its promoter had been deleted. The TBSV-specific hybridization probe in B was
nick-translated pHS40, and in C, randomly primed pHS49 was used.
in which the deletion extends into the pX gene (Fig. 1A). spite the dispensability of these genes for replication per
se, comparison of results obtained with TBSV (ScholthofThe results of replication assays in cucumber protoplasts
inoculated with RNA derived from different plasmids (Fig. et al., 1995a) and CyRSV (Dalmay et al., 1993a) suggest
that the 3* region of the nested genes may contain se-1B) show that deletion of the 5* pX ORF sequences in
pTB abolished the replicative ability of the resulting RNA. quences that influence accumulation of RNA.
To eliminate possible negative effects of alterations inAlthough this suggested a role for the pX gene in replica-
tion, no explicit conclusions could be made about the regions other than the pX gene, we generated pHS10
(Fig. 1A) which contained four extra nucleotides at therequirement of RNA elements or pX protein expression,
because the deletion in pTB not only inactivated the pX 5* end of the pX gene; this introduced a frame-shift to
fuse the 5* end of the pX ORF in-frame with a stop codongene, but also removed the nested p19/p22 genes. De-
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30 nucleotides downstream of the AUG (Fig. 1A). This
manipulation was expected to introduce only limited
structural changes to avoid disturbing the RNA conforma-
tion within the upstream p19 and p22 genes. The results
in Fig. 1B demonstrate that the addition of the four nucle-
otides in pHS10 reduced RNA accumulation in cucumber
protoplasts to undetectable levels. RNA accumulation
was not observed even when incubation periods were
prolonged up to 64 hr posttransfection (data not shown).
This indicated that the pX gene is a genetic element that
enhances the accumulation of TBSV genomic RNA.
The pX gene is cis-acting
To assist in determining whether the contribution of
the pX gene to the accumulation of viral RNA was exerted
by its putative protein, a site-specific mutant (pHS103)
was generated in which the start codon for the pX gene
was inactivated (Fig. 1A). Bioassays revealed that
pHS103 RNA failed to replicate to detectable levels in FIG. 2. Comparisons of host-specific effects of pX gene nucleotide
versus amino acid changes on TBSV replication. (A) Accumulation ofprotoplasts from cucumber (Fig. 1C) or N. benthamiana
RNA from pHS122 (122) and pHS123 (123) in cucumber protoplasts(data not shown). Although these experiments suggested
(left) and C. quinoa protoplasts (right). (B) The left panel shows ana role for the pX protein, we failed to rescue replication
ethidium bromide-stained agarose gel after electrophoresis of total
of pHS10 RNA upon cotransfection with pTA transcripts RNA from C. quinoa protoplasts. The abundance and positions of the
(Fig. 1B). In related experiments, the replication defective genomic RNA (top arrow) and sgRNA1 (bottom arrow) of pTBSV-100
(T) and pHS103 (103), are shown amidst ribosomal RNA bands. MpHS49 (diagrammed in Fig. 4), which contains the pX
shows a mock-transfected control. The RNA blot on the right containsgene and can be replicated in trans by helper TBSV, also
samples from cucumber protoplasts that were transfected with totalfailed to complement the inactive pX gene of the pTB
RNA recovered from C. quinoa protoplasts that had been transfected
deletion mutant RNA (data not shown). These combined with RNA from pHS9 (9), a replication negative control (Scholthof et al.,
data thus suggested that the pX gene either encodes a 1995b), pTBSV-100 (T), or pHS103 (103). For A and B, random-primed
pHS49 was used as a hybridization probe.cis-acting protein that is primarily required for replication
of its own genomic RNA template or that the pX gene
harbors a cis-acting RNA element that is very sensitive
including the sequence at position 4691 would not beto certain nucleotide deletions, insertions, or site-specific
translated from pHS122 RNA.changes.
Transfection of the transcripts from pHS122 and
pHS123 into cucumber protoplasts (Fig. 2A) demon-The cis-acting element is located on RNA sequences
strated that introduction of the premature translationalwithin the pX ORF
stop codon into the pX gene in pHS122 (or the additional
mutation at position 4691) did not prohibit replication. InTo further discriminate between a requirement for pX
contrast, the two nucleotide changes in pHS123 dramati-RNA sequences versus the encoded pX protein, we gen-
cally reduced RNA accumulation despite the fact that theerated two additional mutants, pHS122 and pHS123 (Fig.
predicted pX amino acid sequence was not affected. Only1A). These TBSV derivatives contain two nucleotide
upon vast over-exposure of the pHS122 lane, could lim-changes at the same position within the pX gene. How-
ited accumulation of pHS123 RNA be detected in cucum-ever, in pHS122 the mutation leads to premature transla-
ber protoplasts (data not shown). These results do nottional termination of the putative pX product, whereas
support an essential role for the putative pX protein inwith pHS123, the nucleotide changes do not alter the
replication, although they do not exclude the possibilitypredicted amino acid sequence. As mentioned under
that the protein functions in another yet unidentified pro-Materials and Methods, an additional mutation in
cess. For example, it is possible that the pX protein haspHS122 changed a G to a T at position 4691. Translation
an essential replication or movement function in hostsof the sequence would change the third to last predicted
that were not included in this study. However, these ex-amino acid of pX from arginine to isoleucine. However,
periments do provide direct evidence that cis-acting RNAthis mutation was considered to be of minor importance
sequences within the pX gene have a role in genomicfor investigations of protein effects because the intended
RNA accumulation. Depending on which nucleotides aremutation at the upstream 5* position introduced a transla-
tional stop codon. Therefore, downstream sequences, used for the substitution, these sequences show a vary-
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ing degree of susceptibility to mutation. The presence of RNA in cucumber protoplasts (Fig. 2A) was reflected by
the onset of delayed systemic infections of N. benthami-cis-acting sequences within a 3* small ORF of unknown
function was also reported for RNA of the barley yellow ana (not shown).
Transcripts from pHS10 were able to elicit necroticdwarf virus (BYDV) PAV strain (Mohan et al., 1995). It is
also possible that the pX gene cis-acting sequences may lesions on the local lesion host C. amaranticolor (Fig.
3B). These lesions were considerably smaller thanact in concert with, or extend into the 3* end of the up-
stream p19/p22 region. This possibility is based on re- those elicited by wild-type TBSV, and their time of ap-
pearance was delayed about 1 week, indicating verysults from deletion analyses with CyRSV (Dalmay et al.,
1993a), and preliminary insertional mutagenesis with inefficient replication. Passage of extracts from these
local lesions to N. benthamiana resulted in an attenu-TBSV (personal observation), which suggest that addi-
tional sequences involved in replication may reside at ated delayed systemic infection, suggesting that rever-
sions had occurred during replication in C. amarantico-the 3* end of the p19/p22 ORFs.
lor. Transcripts of pHS103 also induced the formation
of local necrotic lesions on C. amaranticolor but, inThe requirement for the pX gene cis-acting
contrast to pHS10, these lesions were larger and theirsequences is host dependent
appearance was only delayed by 1 or 2 days, indicating
that RNA from pHS103 RNA replicated more efficientlyAlthough the subtle mutations in pHS103 and pHS123
drastically reduced accumulation of viral RNA in cucum- than that of pHS10 (Fig. 3B).
The possible occurrence of reversions was investi-ber and N. benthamiana protoplasts, these changes did
not interfere with efficient replication in C. quinoa proto- gated for the pX gene mutant pHS103 in plants, because
it failed to replicate in cucumber or N. benthamiana pro-plasts (Fig. 2). These experiments indicated that the ef-
fects of the pX gene mutations on RNA accumulation are toplasts, yet was able to establish delayed systemic in-
fections in whole plants of the latter host. For this pur-host-dependent. However, it was possible that reversion
or conversion of the mutated region occurred more rap- pose, viral RNA was isolated from systemically infected
leaves of N. benthamiana plants inoculated with pHS103idly in C. quinoa than in cucumber or N. benthamiana
protoplasts. This possibility was examined for pHS103 transcripts. The resultant progeny RNA was subjected to
reverse transcriptase-PCR reactions, followed by cloningRNA, whose abundant RNA accumulation in C. quinoa
protoplasts could easily be detected on ethidium bro- of individual PCR products and sequence analyses of
five independent clones. The results revealed that themide-stained RNA gels (Fig. 2B). To test for low frequency
reversion events, total RNA was isolated from infected progeny RNA of pHS103 had mutated. However, the
underlined two nucleotide mutations of pHS103 (ATCCC)C. quinoa protoplasts and transfected into cucumber pro-
toplasts (Fig. 2B). The results show that pHS103 RNA (Fig. 1A) did not revert back to the wild-type sequence
(ATGAC), but the motif was instead converted to ATCCA.failed to replicate in cucumber even after passage
through C. quinoa. Therefore, the population of replicat- Since this conversion did not restore the original pX gene
AUG codon, it provided additional evidence that the puta-ing RNAs recovered from C. quinoa protoplasts did not
contain obvious amounts of RNA that had reverted to tive pX protein is dispensable for infectivity. Conversion
of a pX start-codon mutant was also observed by Dalmaywild-type. Thus, these passage experiments suggest that
the requirement for conservation of the pX gene cis-act- et al. (1993a) during studies on replication of CyRSV.
These observations allude to the possibility that theing element sequences is more stringent in N. benthami-
ana and cucumber than in C. quinoa. symptom attenuating effects of pHS103 may be a conse-
quence of inactivation of the pX protein. However, suchTo investigate host-dependent effects of the pX gene
mutants in whole plants rather than protoplasts, and to conclusions are complicated by the effects of cis-acting
elements, unknown compensating sequence conver-study possible low frequencies or delayed restoration of
the mutations in vivo, we tested the ability of the pX gene sions in other regions of the genome, unknown influ-
ences on movement, and the possibility of interferencemutants to establish localized or systemic infections on
several plant species. These in planta studies demon- effects due to the de novo appearance of DIs.
strated that pHS10 RNA was not infectious on N. ben-
thamiana (Fig. 3A), N. clevelandii or Datura metel (not The cis-acting sequences of the pX gene are
shown). However, inoculation of N. benthamiana with the dispensable on trans-replicating deletion mutants
start-codon mutant (pHS103) RNA often resulted in an
attenuated systemic infection, or a delayed systemic ne- Naturally occurring defective interfering RNAs (DIs)
usually do not contain pX gene sequences (Boyko andcrosis, as was also observed after the pHS103 inoculum
was first passed through C. quinoa protoplasts (Fig. 3A). Karasev, 1992; Chang et al., 1995; Dalmay et al., 1993a;
Knorr et al., 1991). This suggests that the requirementsRNA from the replication competent pHS122 (Fig. 2A)
also established systemic infections in N. benthamiana of cis-acting elements for replication of tombusvirus ge-
nomic RNAs differ from those needed for multiplication(not shown). The very inefficient replication of pHS123
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FIG. 3. Effects of pX gene mutations on symptoms in plants. (A) Comparison of healthy N. benthamiana plants with those inoculated 3 weeks
previously with RNA from pTBSV-100 (TBSV), pHS103 (103), and pHS10 (10) that had been passaged through C. quinoa protoplasts. (B) Symptoms
on C. amaranticolor 3 weeks postinoculation with RNA from pTBSV-100 (left), and pHS103 (middle) passaged through C. quinoa protoplasts, or with
transcripts from pHS10 (right).
of the highly structured and more compact DIs. To test tion of viral RNA by the replicase complex per se, or for
RNA-dependent RNA polymerase initiation and elonga-this hypothesis, we designed experiments to monitor the
tion.effects of the pX gene on helper-dependent replication
of defective RNAs whose 3* 1000 nucleotides are identi-
The cis-acting sequences of the pX gene are notcal to those of the genomic RNA. For this purpose we
required for in vitro translationgenerated pHS49 and pHS50 (Fig. 4), which produce rep-
licase deficient RNAs that either contain an intact pX One crucial event that distinguishes genomic RNA
gene (pHS49) or that have four nucleotides added to from defective trans replicating molecules is that the in-
the pX gene cis-acting element (pHS50). The results of tact genomic RNA must serve as a mRNA for translation
bioassays showed that in the presence of the helper of replicase proteins prior to the replication process it-
TBSV genome, variable amounts of input RNAs from self. The involvement of distal RNA elements in transla-
pHS49 and pHS50 accumulated to similar levels in cu- tional regulation of upstream genes is not uncommon
cumber protoplasts (Fig. 4B). Apparently, the pX gene cis- (Hentze, 1997) and has been demonstrated for several
acting sequences had no obvious effects on the ability of plant subviral RNAs (Brown et al., 1996; Danthinne et al.,
pHS49 and pHS50 to be replicated in trans. Therefore, 1993; Edskes et al., 1996; Gallie and Kobayashi, 1994;
Hann et al., 1997; Leathers et al., 1993; Timmer et al.,the cis-acting pX gene motif is not required for recogni-
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FIG. 4. Effects of four nucleotide additions to the pX gene on replication of defective RNAs in trans. (A) Schematic diagram of plasmids, symbols
are as described in the legend to Fig. 1 except that the S-shaped interruption represents a four base frame-shift insertion. (B) Accumulation of
defective RNAs in cucumber protoplasts cotransfected with TBSV transcripts. Transfections were performed with 10 ml of TBSV (T) transcript. In
the duplicate T / 49 lanes on the left panel, the TBSV transcripts were cotransfected with either 5 ml (left lane) or 45 ml (right lane) of transcripts
from pHS49. The panel on the right compares the accumulation of RNAs upon addition of 25 ml of pHS50 transcripts (duplicate T / 50 lanes), with
those of TBSV alone (right). The hybridization probe was pHS49.
1993). Therefore, we tested the possibility that the pX differences in production of p33 or p92 in wheat germ
extracts, in the presence or absence of an intact pX genegene cis-acting sequences might be involved in transla-
tion of the upstream TBSV replicase genes. cis-acting element (Fig. 5). As was also observed in vivo
(Scholthof et al., 1995b), the p92 protein is produced inSince translation of TBSV in vivo is tightly linked to
replication of genomic RNA, the effect of the pX gene on trace amounts compared to the levels of p33, and is
therefore barely visible in Fig. 5B. Similar results weretranslation was monitored in vitro. For this purpose, in
vitro translation from transcripts of pTBSV-100 was com- obtained when RNAs were translated in a rabbit reticulo-
cyte lysate system (data not shown). These data suggestpared to that of RNA from the pX gene mutant pHS10.
Previous studies with BYDV (Wang and Miller, 1995) or that the pX gene cis-acting element is not essential for
translation initiation, elongation, or read-through, at leastsatellite tobacco necrosis virus (Danthinne et al., 1993;
Timmer et al., 1993) showed that specific RNA cis-acting in vitro.
elements can influence translation, presumably by reduc-
ing the requirement for cap or eIF4F. Therefore, we also Possible roles for the cis-acting sequences of the pX
determined the translational effect of adding cap-analog gene
to in vitro transcripts, even though there is no evidence
that tombusvirus RNAs are capped in vivo (Russo et al., As reviewed by Buck (1996) and Duggal (1994), the
requirement of cis-acting 3* terminal RNA sequences for1994). The results showed that translation of uncapped
transcripts from the CAT gene, pTBSV-100, and pHS10 replication has been documented for many animal and
plant viruses. The involvement of 3* terminal sequencesoccurred less efficiently than for the capped analogs.
Similar results were obtained with truncated transcripts has also been described for tombusviruses (Dalmay and
Rubino, 1995; Dalmay et al., 1993b). However, the host-from potato virus X (data not shown), which requires cap
for infectivity. The results of in vitro translation in wheat dependent effects and variable requirements of the pX
gene for accumulation of TBSV RNA derivatives appearsgerm extracts (Fig. 5) indicate that the cis-acting element
in the TBSV pX gene does not substitute for the cap to be a distinct phenomenon. Although our results have
not clearly defined a function for the pX gene, thesebecause no obvious cap-independent enhancement of
translation occurs in the presence of an intact pX gene data, in combination with those obtained by Dalmay et
al. (1993) and Kollar and Burgyan (1994) suggest possible(Fig. 5A). In addition, capping of pHS103 transcripts did
not restore their ability to infect cucumber protoplasts mechanisms of action.
Although an obvious contribution of the cis-acting se-(data not shown).
Although slight variations occurred between experi- quences in pX to translation in vitro was not detected
in our assays, it remains a valid possibility that thesements, the cumulative data failed to demonstrate obvious
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ing or noncoding sequences in mRNA stability has been
documented for a number of systems (Hagan et al., 1995;
Hennigan and Jacobson, 1996; Weiss and Liebhaber,
1995). However, our data dictate that if such stability
components do exist on TBSV RNA, they must be host-
dependent and primarily be active in a genomic RNA
background, but not in most replicase-deficient RNAs.
An additional scenario involves a role for the pX gene
cis-acting sequences in relieving negative controls that
could potentially be exerted by other elements elsewhere
on the genome. This could be related to our observations
that RNA sequences within a portion of the replicase
genes interfere with replication in trans (unpublished in-
formation). Within this framework, it is possible that the
pX gene activity provides a cis-acting control mechanism
that is involved in switching genomic RNA from a transla-
tion to a replication/transcription mode. In the absence
of functional pX gene sequences, genomic RNAs would
act only as mRNAs for translation of replicase proteins,
but be unable to switch into alternative conformations
necessary for template recognition by the newly synthe-
FIG. 5. Effects of capping and pX gene mutations on in vitro transla-
sized replicase. In contrast, DIs or other defective RNAstion. (A) Effect of capping transcripts on translation of p33. Transcripts
that are able to replicate in trans would not be translatedwere derived from pTBSV-100 (TBSV) or pHS10 (10), and a CAT gene
transcript from SmaI-digested pG4CAT was used as a control. (B) In and can therefore potentially exist permanently in confor-
vitro translation of transcripts, for production of p33 or p92. In A and mations suitable for replication, and hence have no re-
B, the migration and size (kDa) of molecular weight markers (M) is quirement for pX gene sequences.
shown on the left and the positions of p33 or p92 are indicated. In
An additional interesting model is that pX gene se-parallel experiments no products were observed upon omission of RNA
quences are required for proper positioning or localiza-to the translation mix. The origin of the minor bands at positions slightly
above and below the intense p33 replicase component were not investi- tion of the RNA–protein replication complex. This would
gated further, but we presume that they represent incomplete transla- be comparable to the requirement of 3* terminal brome
tion products of the genomic RNA transcript. mosaic virus RNA sequences that may be involved in
recruitment of host factors (Duggal et al., 1994; Quadt et
al., 1995). Although transgenic plants that express tom-sequences may be involved in translational regulation in
vivo. This putative regulation event may be comparable busvirus replicase proteins form active replication com-
plexes that are able to amplify DIs devoid of pX geneto that observed for BYDV in which a 3* distal RNA se-
quence was shown to be required for production of a sequences (Kollar and Burgyan, 1994; Rubio et al., 1996),
the cis-element could still be required for proper repli-coat protein read-through product (Brown et al., 1996).
Although, the pX gene could contribute in vivo for read- case positioning, or for other polymerization-associated
events, needed to promote preferential replication of in-through of p33 to produce p92, our in vitro translation
results show that p92 can be translated upon disruption tact genomic RNA during wild-type infections. Compara-
ble mechanisms that promote cis-preferential recogni-of the cis-acting sequences in the pX gene. In addition,
results obtained by Kollar and Burgyan (1994) indicate tion and replication of intact genomic RNA have also
been suggested for other plant viruses (Mohan et al.,that transgenically expressed tombusvirus viral RNA is
efficiently read-through in N. benthamiana, to produce 1995; van Bokhoven et al., 1993; Weiland and Dreher,
1993).p92 in the absence of any pX gene sequences. Another
possibility is that the cis-regulatory sequences of the pX There are probably other models that could serve to
explain our observations, but irrespective of the mech-gene provide a function analogous to a poly(A) tail, which
interacts with the cap at the 5* end of mRNAs for initiation anism of pX gene activity, our experiments clearly
show that different hosts impose variable constraintsof translation (Gallie, 1996). As for the poly(A) tail, such
effects may not be obvious during in vitro translation on the requirements for pX gene conservation. Any of
the regulatory pX gene cis-acting activities implicit inbecause of the much less stringent requirement for a
poly(A) tail during in vitro translation compared to its the models above must involve differential interactions
with host components whose composition variesrequirement in vivo (Gallie, 1991).
The pX gene sequences could also represent a stabil- slightly in different hosts. It is tempting to speculate
that the host dependent activity of the cis-acting se-ity factor that is inactivated when the cis-acting se-
quences are altered or deleted. The involvement of cod- quences is related to secondary structural require-
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194, 697–704.pending on the local and distant sequence interactions
Dalmay, T., Russo, M., and Burgyan, J. (1993b). Repair in vivo of altered
between viral and host factors. One such structural 3* terminus of cymbidium ringspot tombusvirus RNA. Virology 192,
component can theoretically be formed within the re- 551–555.
Danthinne, X., Seurinck, J., Meulewaeter, F., van Montagu, M., andgion that was used for our mutagenesis studies (data
Cornellissen, M. (1993). The 3* untranslated region of satellite to-not shown). However, the existence of such a structure
bacco necrosis virus RNA stimulates translation in vitro. Mol. Cell.has yet to be demonstrated, and its presence sur-
Biol. 13, 3340–3349.
rounding the pX gene start codon region is less appar- Duggal, R., Lahser, F. C., and Hall, T. C. (1994). Cis-acting sequences
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of distal cistrons of a polycistronic mRNA of a plant pararetrovirusappear to exert less stringent requirements on replica-
requires a compatible interaction between the mRNA 3* end and the
tion than those of N. benthamiana or cucumber. This proteinaceous trans-activator. Virology 224, 564–567.
provides an interesting contrast with the interaction of Gallie, D. R. (1991). The cap and poly(A)tail function synergistically to
regulate mRNA translational efficiency. Genes Dev. 5, 2108–2116.factors affecting host-specific TBSV movement (Schol-
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ent study, members of the Chenopodiaceae imposed tional efficiency. Gene 142, 159–165.
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